UniSat-6 is a civilian microsatellite that was launched in orbit on the 19th of June, 2014. Its main mission consisted in the in-orbit release of a number of on-board carried Cubesats and in the transmission to the UniSat-6 ground station of telemetry data and images from an on-board mounted camera.
Introduction
UniSat-6 is the sixth civilian micro-satellite of the UniSat series. While the first four satellites of the UniSat series were established as part of the research activities at the Scuola di Ingegneria Aerospaziale of Sapienza Università di Roma since the late 1990s, the last two have been designed, built and launched by the Italian company GAUSS srl, which stemmed from the experience of the previous university years.
The UniSat platform is intended as a provider of satellite services, such as the in-orbit release of smaller satellites (e.g. CubeSats and PocketQubs) or the in-orbit test of technologies and devices [1] , [2] , [3] . The advantage of the solutions offered by GAUSS are the flexibility and the low cost of launches.
The UniSat platforms, in fact, are able to carry on several nano and picosatellites as a mothership, and to release them in orbit spacing them with a fixed interval in order to reduce collision risks [4] . Launch costs are kept low because the spacecrafts boarded in the UniSat share launch and administration expenses. In two missions realized in 2013 and 2014, more than 10 satellites were successfully deployed in orbit by GAUSS platforms [5] , [6] , [7] .
One of the next objectives for GAUSS is to increase its platform capabilities in order to be able in the future to determine and control the exact release position of each daughter satellites. In order to achieve this result keeping down the costs and maintaining the simplicity of the design of the spacecraft, it is crucial to be able to determine the attitude of the spacecraft on-board the satellite with a reduced number of sensors. This paper will demonstrate how this can be accomplished with a minimum set of magnetometers and rate-gyros. Flight results from the UniSat-6 mission will be presented as well.
Rate-gyros and magnetometers measurements cannot be directly employed to reconstruct the attitude because of the noise and drift of the sensors. The attitude reconstruction, therefore, has to be based on non-linear estimation techniques. Attitude determination restrictions and requirements of UniSat-6 are typical of most general spacecraft attitude determination problems.
Several solutions for this problem can be found in literature [8] . Nonlinear Filters such as the Extended Kalman Filter (EKF) have been used for decades [9] . Several representations of spacecraft attitude can be used, such as Euler angles, quaternions, modified Rodrigues parameters and others. Given the absence of singularities, quaternions are commonly employed. To avoid vio-lations of the quaternion normalization constraint with the EKF algorithm, the so-called multiplicative quaternion approach is adopted [10] .
The nonlinear filter employed in this work is the UnScented QUaternion Estimator (USQUE), proposed in [11] . This is an adaptation of the Unscented Filter (UF) [12] to the spacecraft attitude determination problem.
The USQUE has already been employed in several satellite applications [13] , [14] , [15] . The UF is known for having several advantages over the EKF, such as smaller error in the estimation and the absence of Jacobian computations in the algorithm. The present filter uses a dual parameterization of attitude, by employing both quaternions and modified Rodrigues parameters in the algorithm.
This paper is organized as follows. Section II describes UniSat-6 mission, platform and attitude hardware. Section III introduces the attitude determination problem, describing the employed reference frames, attitude parameterization, measurements modelling and the nonlinear filter. Section IV shows the results of the attitude reconstruction from UniSat-6 real mission data. Conclusions and final comments are given in Section V.
UniSat-6 mission and platform

Platform
UniSat-6 is designed to match the characteristics of a low cost and reliable satellite optimized for piggy-back launches. The spacecraft is an updated version of the UniSat-5 satellite platform and it is built in reinforced aluminium and carbon fiber honeycomb panels. It is a 40 cm cube with a weight of 26 kg. After the release of the CubeSats, the weight drops to 16 kg. The satellite has been designed to maintain an internal thermal range between -10
• C and 10
• C. Power is provided by body-mounted solar panels, which provide from 5 W (bottom panel) to 11 W (4 side panels) of electrical power.
Command uplink and data downlink is provided by a communication system consisting in a UHF radio and 4 antennas. Radio-amateur frequencies are used in accordance with IARU regulations. The On-Board-Data-Handling (OBDH) is based on the ABACUS computer. ABACUS is a very low power consumption system that uses a CubeSat form factor (PC104) and that has been developed at the Scuola di Ingegneria Aerospaziale of Sapienza Università di Roma in collaboration with GAUSS [16] .
A 3 Mpx camera is boarded to take pictures of the Cubesats at the ejection from the mothership and for low-resolution Earth observation images. The camera is placed on the top panel of the spacecraft. The pictures from the camera will be used throughout the paper to validate the results of the attitude reconstruction.
For the UniSat-6 mission, a passive attitude control system using permanent magnets and hysteresis rods was chosen. The ADCS systems will be described in details in Section 2.3. Confirmation of the deployment was given 15 minutes after release when the spacecraft passed the over ground station in Italy. All the deployed CubeSats communicated with ground, confirming the good health of all the satellites and the full accomplishment of the deployment operations [18] .
Mission and operations
Other mission objectives were the test of the on-board payloads and subsystems, such as the new telecommunication system, the solar panels, the new electronic bus and the on-board camera. All the collected data from the sensors and the telemetry are stored and sent to ground on a daily basis.
Some of the recorded anomalies in the data were correlated to the inherent effects of the space environment, such as Single Event Upsets (SEU), that have been observed acting on the flash memory or some sensors. SEU effects on attitude measurements and reconstruction will be described in Section 4.
UniSat-6 has been regularly operated since its in-orbit release in June 2014.
The ground station in Roma managed to establish a two ways effective communication with it few minutes after launch. [19] .
ADCS hardware
UniSat-6 is equipped with various devices for attitude determination and control. Attitude related measurements are given by two sensors, a rate gyro (L3GD20) and a magnetometer (HMC5883L). The L3GD20 is a low-power MEMS three-axis angular rate sensor, used in terrestrial applications such as video-games, GPS navigation and robotics. The HMC5883L is a three-axis compass that enables 1
• to 2
• compass heading accuracy. UniSat-6 in accordance with the axes defined by the on-board magnetometer for expressing its measurements. Nevertheless, these axes do not coincide with the reference frame that will be used to define the results of this paper, which will be described in Section 3.1. The rotation matrix that represents the orientation is given by the multiplication of the three rotation matrices
(1)
The argument of latitude u is calculated as the sum of the true anomaly ν and the argument of perigee ̟:
The orientation of the body frame with respect to the inertial frame is given by a quaternion, which is calculated by the filter that will be presented in Section 3.4.
Attitude representation and kinematics
The algorithm that will reconstruct the attitude of the spacecraft includes a mathematical model of the attitude kinematics of the satellite. In this section the filter embedded attitude representation and kinematics equations will be introduced.
The attitude representation employed by the filter to represent the orientation from the ECEF frame to the body frame is dual. A quaternion representation is used to express the input, the output and the kinematic model inside the filter. A vector of generalized Rodrigues parameters is used in some numerical operations of the filter that might violate the unity norm property of the quaternion, otherwise.
The quaternion q is defined as
The kinematic equation associated to the quaternion is given bẏ
where ω is the angular velocity vector of the satellite and Ξ is a matrix defined as
whereq× is the cross-product matrix associated to the vectorq. Given the discrete-time nature of the application studied in this paper, a discrete-time version of Eq. 7 has to be introduced. The quaternion at the k + 1 th step of the algorithm is
with
where ω k is the angular velocity vector, measured from the rate-gyros, and ∆t the measurements sampling interval.
The quaternion is used to express the orientation of the body frame with respect to the orbital frame. This is done by defining a direction cosine matrix DCM equivalent to the quaternion and multiplying it by the T matrix defined in Eq. 1. The direction cosine matrix DCM obtained from a quaternion q is calculated as
A four-components quaternions is a non-singular representation of the special orthogonal group SO(3) of three-dimensional rotation matrices which represents 3D attitude and it is therefore a redundant representation [20] . The multiplicative quaternion approach, commonly used in spacecraft attitude estimation problems, adopts this redundancy to represent the reference attitude free of singularity while the three components representation describes the deviation from this reference [21] . Therefore, the algorithm represents the attitude as the quaternion product 
where the parameter a ∈ 0 1 and f is a scale factor. For a = 0 and f = 1, Eq. 13 returns the Gibbs vector, while for a = 1 and f = 1 it gives the standard modified Rodrigues parameters. According to [11] , the choice of f = 2(a + 1) is a suitable pick and it will be adopted throughout this paper.
The inverse transformation from δp to δq is
Measurements model
The available measurements on board Unisat-6 are the Earth magnetic field vector from the magnetometer and the spacecraft angular velocity vector from the rate-gyros.
The magnetometer measures the intensity of the Earth magnetic field along its three axes (see Fig. 1 ), that can be easily translated into the body axes (see Fig. 3 ). This vector can be compared with the information of the World Magnetic Model (WMM), which returns the intensity of the Earth magnetic field in the ECEF frame, thus giving information on the orientation of the body axes frame with respect to the ECEF frame. The noise on the measurement vector b of the magnetometer is modeled as an additive Gaussian zero-mean white process with variance σ m .
The rate-gyro measures the angular velocity ω of the satellite in the body frames. This measurement is usually modeled as [22] ω(t) = ω true (t) + β(t) + η v (t)
where the true angular velocity ω true is corrupted by a bias β, and η v and η u are two Gaussian zero-mean white processes with variances σ v and σ u , respectively.
Unscented attitude filter
The filter employed for UniSat-6 attitude reconstruction was first proposed in [11] and it was given the name of USQUE (UnScented QUaternion Estimator, which is also a Latin expression meaning 'all the way'). The USQUE is an attitude-dedicated formulation of the Unscented filter. This section will present the algorithm of the filter employed in this work.
The USQUE, as well as the original formulation of the Unscented filter, is constituted by a prediction phase, in which the a priori estimate is constructed by averaging the values of a finite number of points from the state space (the σ-points), and by a correction phase, in which the a priori estimate is corrected with the information from the measurements. The USQUE algorithm employs the data from the rate-gyro in the prediction phase so as to calculate the kinematics of the satellite, while the magnetometer output is the only measurement employed in the correction phase.
The algorithm described in the following assumes a discrete-time nonlinear system, modeled as
where x k is the state vector,ỹ k is the measurement vector, and w k and v k are zero-mean Gaussian noise vectors representing the process noise and the measurements noise with covariance matrices Q k and R k , respectively.
The state vector to be estimated is formed by the generalized Rodrigues parameters and the biases of the rate-gyros.
A quaternion can serve as an initial guess for the attitude, since it can be transformed into the vector of generalized Rodrigues parameters with Eq.
13. The filter is initialized with an initial guess for the state estimatex and an initial value for the error covariance matrix P .
The algorithm starts with a step of the prediction phase. The σ-points at the k th step are defined as:
with n being the size of the state vector. In the σ-points partitioning, χ M =x (19) in which λ is a tuning parameter of the filter which tells how much the σ-points are spread around the mean. In order to propagate the attitude, the χ δp k are transformed into correspondent quaternion deviations δq + k , by means of Eq. 14. These deviations are used as in Eq. 12 to form a set of attitude quaternions spread around the meanq + k . The resulting set iŝ
The first of these equations implies that χ δp k (0) be zero. Therefore, this reset is to be performed at each step of the algorithm.
Once that the quaternion representation of the σ-points has been calculated, the attitude can be propagated using the discrete kinematics of Eq. 9, where the angular velocity to be used is the estimated quantityω
After the propagation of the quaternions, the propagated Rodrigues parameters can be obtained back by using Eq. 13, where the error quaternions are obtained once again by applying Eq. 12. At the end of the prediction phase, the propagated σ-points are
The predicted state vectorx − k+1 is computed aŝ
The predicted error covariance matrix is calculated as
The mean observation is given bŷ
where γ k+1 (i) are the measurements obtained by applying the h function from Eq. 16 to the set χ k+1 (i).
The innovation covariance matrix is given by
The cross-correlation matrix is given by
The correction phase consists in the update of the predicted state vector x − k+1
and of the error covariance matrix P − k+1
where v k is the innovation and K k the Kalman gain, given by, respectively
The process noise covariance matrix Q k is actualized at each time step, since the measurements sampling time is not constant. According to [11] , the matrix is defined as
At the k th step the filter provides the estimation vectorx k and the matrix P k .
Results
This section describes the results of attitude reconstruction performed starting from the UniSat-6 flight data as received by the GAUSS ground station in Roma. These data include telemetry of the satellite and data from the sensors that were stored along a time interval of more than 26 hours, which corresponds to approximately 18 orbits of UniSat-6 around the Earth.
These operations were performed on April 24th-25th, 2015 with the initial time instant t0 at 20:51 UTC of April 24th. Data sampling rate is variable, since the on-board computer does not give a clock for the measurements.
Most of the measurements occur with a time interval of 4-6 seconds.
The initial guess for the attitude corresponds to the first measurement from the magnetometers, while a value of 0.1 · π/180 is assumed for the three gyro biases. The error covariance matrix P is initialized with the variances of the magnetometers and of the gyro biases. The value of λ was chosen to be equal to 0.05. The most interesting information on the attitude motion of UniSat-6 can be derived from the observation of the yaw motion. The estimated yaw angleψ is shown in Fig. 7 and it can be seen that it oscillates periodically 
between -180
• and 180
• . Fig. 8 shows a sample of theψ history concerning two consecutive orbits. In particular, the selected orbits pass over the A small variation in the amplitude of the yaw variation can be seen in the fifth orbit of Fig. 7 , when the yaw arrives only at 160
• and not at 180
• . This is in correspondence with the normal operation mode when there available measurements have a higher sampling time.
In conclusion, the attitude motion of UniSat-6 is composed of two dynamics, a long period one and a short period one. The long period motion consists of two 360
• yaw rotations completed in one orbit, which makes thex b axis following the Earth magnetic field lines. The short period motion is given by picture, the camera is pointing towards the Sun; then, it is pointing towards the Earth (pictures 7 to 13); eventually, it points towards the Sun again. The panel with the camera (ŷ b axis), therefore, describes a cone in space.
Conclusions
This paper has presented the results of the attitude determination of the UniSat-6 satellite. The estimation was realized analyzing real data collected on-board the spacecraft and processed at ground.
Data from the rate-gyro and magnetometers were processed using the USQUE algorithm. The results show that the spacecraft has a coarse alignment of itsx b axis to the lines of the Earth magnetic field, while the two other axes rotate in space with a period of 5 rpm.
Due to a problem on the on-board electronics caused by a radiation event, the spacecraft was not able to collect data with the expected sampling rate (30 s instead of 4 s) for six hours. Nevertheless, in this interval the filter was able to reconstruct the attitude of the spacecraft with almost the same accuracy as before. The reconstructed attitude of the spacecraft is consistent with the images taken from the on-board camera.
